Numerical cross-shore profile evolution models have been good at predicting beach erosion during storm conditions, but have difficulty in predicting the accretion of the beach during calm periods. This paper describes the progress made in modifying and applying the public domain XBeach code to the prediction and explanation of the observed behaviour of coarse-grained beaches in the laboratory and the field under accretive conditions. The paper outlines in details the changes made to the original code (version 12), including the introduction of a new morphological module based upon Soulsby's sediment transport equation for waves and currents, and the incorporation of Packwood's infiltration approach in the unsaturated area of the swash region. The competence of this modified model during calm conditions for describing the steepening of the profile, and the growth of the beach berm is demonstrated. Preliminary results on the behaviour of the beach subject to both waves and tides are presented. Good agreement is found between the model simulations and large-scale laboratory measurements, as well as field observations from a composite beach in the UK. The reasons for the model's capabilities are discussed.
Introduction
Despite the focus of much coastal research resting on sandy beaches, coarse-grained beaches are particularly prevalent around the world. Coarse-grained beaches are composed of accumulations of either gravel, or mixed sand and gravel sediments. They are common in mid to high latitude coasts (Carter and Orford, 1993) including the UK. Indeed, approximately, one-third of the beaches in England and Wales are classified as coarse-grained, especially around the south of England (López de San Román-Blanco, 2003) . Coarse-grained beaches are an important form of natural coastal defence, protecting significant urban settlements as well as agricultural lands, natural habitats, recreational and environmental assets against wave run-up and storm surge. Coarse-grained beaches are characterized by the presence of a berm in the upper part of the beach. These berms are important sources of sediments during storms and periods of beach erosion (Baldock et al., 2005) . Therefore, understanding the morphological behaviour of coarse-grained beaches in response to short-term and long-term forcing is vital for coastal protection. Interest in these environments and their dynamic behaviour in response to wave climate and water level variation has increased in recent years (Bradbury, 2000; Williams et al., 2012) .
Sediment size and porosity are very important factors dictating the response of coarse-grained beaches to waves, tides and sea level rise. In general, during swell conditions, the impetus for crossshore sediment transport over gravel beaches is onshore in the swash region. Gravel is carried upslope as far as the swash extends and deposited to produce a berm in the upper-swash; this also leads to a steepening of the beach face (Bradbury, 1998) . This foreshore accretion and increase in beach face slope are against the force of gravity, which requires either the uprush and backwash velocities, or the amounts of sediment transported between uprush and backwash, to be asymmetric (Aagaard and Hughes, 2006) . As a result, this increases the beach volume, steepens the beach face and raises the berm crest elevation (Austin, 2005) .
It is important to understand that, the balance of processes that govern such behaviour is different to that on sandy beaches, where, for instance, infiltration is negligible. The complex processes associated with the near-shore on gravel beaches, in particular, make it difficult to predict the morphological changes accurately. Several modelling approaches of varying complexity have been reported. These include parametric models (e.g. Powell, 1990 ) and process-based models (e.g. Clarke et al., 2004; Masselink and Li, 2001; Pedrozo-Acuña et al., 2006) .
Time independent parametric models are robust, simpler and easy to apply, but often represent an extreme simplification or ignorance of the key morphological processes, focusing on the representation of profile features by correlation with simple wave, water level Coastal Engineering 89 (2014) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and sediment parameters. Thus, until recently, the most practical, and successful approach to describing coarse beach profiles was provided by the Powell parametric model (Powell, 1990) . This empirically derived model is acknowledged to provide a good description of beach profile erosion or the effects of nourishment, based upon a series of intersecting curves and control points.
The aim of this work is to implement a process-based model to study and explain profile changes on gravel beaches over the "short-term", i.e. over the order of a few hundreds to thousands of waves, under accretive conditions. We investigate the adaptation and use of a public domain numerical model, XBeach van Thiel de Vries, 2009) , based on the non-linear shallow water equations, for capturing the 2D profile dynamics of a gravel beach, through consideration of wave and tidal forcing, building on the work of Jamal et al. (2010 Jamal et al. ( , 2012 .
Dominant processes in gravel beach dynamics
In order to predict the dynamic behaviour of gravel beaches successfully, it is necessary to identify and represent the balance of key processes that control the dynamics of the sediment in the swash zone (Puleo et al., 2000) . This is especially true for steeper, coarsegrained beaches where the surf zone is much narrower and closer to the shoreline than on sandy beaches, and where plunging breakers are the dominant wave breaking mode. This creates an environment in which strong pulses of turbulence are generated as the bores collapse close to the shoreline, mobilising even large sediment sizes. The mobilised sediment is then pushed onshore by these bores up the beach face, driven by the swash oscillations (Baldock and Holmes, 1997) . These swash oscillations have properties similar to long waves. The generated turbulence dissipates over the short distance, but persists into the swash region with greater intensity in the uprush than in the backwash (Hughes et al., 1997) . Another important process in coarse-grained beaches is infiltration, which is more significant on uprush than backwash (Packwood, 1983) . Indeed, many studies have stressed the importance of infiltration for sediment transport in the swash region and especially on coarse beaches (e.g. Austin and Masselink, 2006; Horn and Li, 2006; Pedrozo-Acuña et al., 2006 Turner and Masselink, 1998) .
The material property that controls the degree of infiltration is the permeability or hydraulic conductivity of the beach (Masselink and Li, 2001) , which can be viewed as altering the bed shear stress (Puleo and Holland, 2001) . Permeability tends to be larger in coarse-grained than in sandy beaches (Foote et al., 2002; Heath, 1983) . The propensity for onshore transport in the swash is counteracted by the down-slope weight of the sediment, which eventually brings an accreting beach face to a dynamic equilibrium with the incident wave conditions. This balance thus occurs for steeper gradients on coarse, permeable beaches than on sandy beaches. Finally, a number of studies have shown that tides have an important effect on sandy and coarse-grained beach morphology (see, e.g.: Horn and Mason, 1994; Lee et al., 2007; Mason and Coates, 2001; Masselink and Hegge, 1995; Masselink and Short, 1993; Powell, 1990; Raubenheimer et al., 1999; Trim et al., 2002) , and their impact on the profile evolution of coarse-grained beaches should be considered.
Modelling gravel beach profile change
Serious attempts have been made to model sediment transport in the swash zone of coarse beaches. For instance, Wurjanto and Kobayashi (1993) , Van Gent (1994) , Clarke et al. (2004) and others have developed different models for simulating flow within and above a porous beach. Although these models allow for infiltration/ exfiltration and have been validated for surface elevation and flow velocities, they have not been used to investigate the effect of this process on sediment transport and beach profile evolution. Pedrozo-Acuña et al. (2006) reported an experimental and numerical model investigation of cross-shore profile change of a gravel beach. A time dependent morphodynamic model was developed from the Boussinesq model "COULWAVE" (Lynett et al., 2002) , which features a moving shoreline boundary to simulate the swash zone. This was coupled to a Meyer-Peter and Müller (1948) sediment transport formulation. They found that if the shear stress and transport efficiency were kept equal during both the uprush and the backwash phases, the numerical predictions were opposite to observations for transport. By adjusting the transport efficiency with swash direction, a better prediction of the observed behaviour was obtained. This ad hoc adjustment of parameters was interpreted as an encapsulation of several processes, including the infiltration of water into the porous beach face and acceleration of flow after wave breaking.
Van Rijn (2010) has reported on the performance of two processbased models, CROSMOR2008 and SHINGLE, as part of the CONSCIENCE project. They found that both models reproduced "swash bars" of the right order of magnitude above the waterline, but that the predicted shapes and positions of the bars did not agree well with laboratory observations. However, both the CROSMOR2008 and SHINGLE models provided good agreement with observations for some large storm events at prototype scale. This indicated some considerable utility in the models, even though the swash processes are not explicitly represented in CROSMOR2008.
Another process-based model recently developed is the opensource numerical modelling system, XBeach van Thiel de Vries, 2009 ; see www.xbeach.org). The system comprises a wave and roller module, non-linear shallow water equations (NLSWE) module and morphological module based on Soulsby-van Rijn (SvR) sediment transport equation. The wave module is based upon the Wave Action Balance Equations (WABE) and solves for short waves only on the scale of wave grouping, the long wave being solved through the NLSWE. This model has proven to be a robust and widely used model for morphological studies on sandy beach and dune erosion. The applicability, calibration and validation of the model against laboratory experiments and field observations can be found in Roelvink et al. (2009 ), van Thiel de Vries (2009 ), and McCall et al. (2010 . However, the comparisons made in those studies were only for the case of sandy dune erosion. Pender and Karunarathna (2013) have managed to simulate long term behaviour on the sandy Narrabeen beach by combining XBeach with a statistical approach. In this, they switch on a storm and a recovery model according to wave threshold criteria. Ruiz de Alegría-Arzaburu et al. (2010) applied XBeach v18 to a gravel beach in Slapton, UK. They were able to reproduce upper beach erosion during storms, but overestimated the morphological changes. Williams et al. (2012) also found similar results with XBeach, where the model reproduced the erosion of gravel beaches in comparison with the Slapton beach and large-scale experiment (BARDEX). Nevertheless, the model was still unable to produce the observed berm profile. This latest version of XBeach, v19, includes parallel processing to reduce simulation time and a groundwater flow module to simulate infiltration/exfiltration on the beach. The work by Ruiz de Alegría-Arzaburu et al. (2010) and Williams et al. (2012) clearly shows that the latest XBeach model can be used on gravel beaches to predict storm erosion, but its performance has not been tested yet for wave conditions leading to beach accretion, in particular, on a gravel beach. This is the main aim of the current paper.
In this paper, we report on adaptations to XBeach v12, with the aim of extending its applicability to the prediction of gravel beach profile evolution under accretive conditions. The model will also be used to demonstrate the potential for predicting profile evolution over tidal cycles.
Application of unmodified XBeach v12 to laboratory data
XBeach v12 comprises Two-Dimensional Horizontal (2DH) formulations for short wave propagation, flow and long wave hydrodynamics, sediment transport and bottom changes for varying waves and flow conditions. The work presented here only considers One-Dimensional Horizontal (1DH) scenario, for cross-shore profile evolution simulations. The morphological changes are calculated using the SvR sediment transport equation. However, the sediment motion is not directly driven by the Lagrangian velocity obtained from the NLSWE. Instead, XBeach uses the Eulerian velocity approximation to drive the sediment movement, obtained by subtracting the Lagrangian velocity from the Stokes drift. This is in order to account for the strong undertow on sandy beaches and dunes. The Eulerian representation produces strong offshore directed velocity profiles on steep slope, which is believed to be more accurate for sandy dune erosion scenarios (McCall et al., 2010; Roelvink et al., 2009) .
Since this research concentrates on the cross-shore profile change, the incoming wave direction is set perpendicular to the beach, and this corresponds to the x-axis of our coordinate system. In this case, the Eulerian velocity approximation has the form:
where, u L is the Lagrangian velocity obtained from the NLSWE, u E represents the Eulerian velocity, u s the Stokes drift, ρ the density of water, h the water depth, E w the wave energy and c the wave celerity. The SvR formulation is used in the model to calculate the sediment transport. An avalanching process, with separate criteria for critical slopes on wet and dry points, provides a robust solution for slumping of sand during dune erosion. Some features of the model need further consideration, and therefore, experimental data by López de San Román-Blanco et al. (2006) , obtained in the large-scale GWK facilities in Hannover, Germany (2002) , is used for this purpose. Fig. 1 shows a schematic of the GWK experiments, where a mobile bed of initial slope of 1:8, and D50 of 0.021 m, was laid over an impermeable concrete slab of slope of 1:6. The mobile bed thickness at the water level was 2.0 m, as shown, approximately 275 m from the paddle. The test considered here is the same gravel test as that used by Pedrozo-Acuña et al. (2006) , with regular waves of height 0.6 m and period 3.22 s. The profile was measured before and after three consecutive tests of length 500, 1500 and 3000 waves, starting from a graded (flat) beach face.
Figs. 2 and 3 show the results of running the unmodified XBeach v12, with the GWK test after 500 waves. From Fig. 2 , it can be seen that the experimental beach accreted and steepened to form a prominent swash berm above the still water line (above 4.7 m), and that XBeach fails to capture this behaviour; instead, it predicts net offshore transport. This limitation of XBeach regarding the prediction of berm formation under accretive wave conditions has also been noted by other sources (e.g. Ruiz de Alegría-Arzaburu et al., 2010) .
The results shown in Fig. 2 might be anticipated for several reasons. Firstly, the SvR sediment transport equation is being applied beyond its limits of applicability, i.e., for D 50 larger than 2 mm (Soulsby, 1997) . Furthermore, as can be seen in Fig. 3 , the Eulerian velocity, which has been used to emphasize the effects of undertow on an eroding sandy dune, is heavily skewed offshore. Finally, in addition to previous discussion, there is no accounting for the infiltration into the porous beach face within the swash region, which acts to reduce the strength of the return flow.
A modified XBeach model for coarse sediment

Lagrangian vs Eulerian velocity representation
Although Silvester and Hsu (1997) found that both the Eulerian and Lagrangian velocity representations give similar values close to the bed, XBeach calculates the Eulerian velocity to represent an enhanced return flow typical of that observed on sandy dune beaches. In contrast, Lara et al. (2002) discussed the differences between water surface envelopes and undertow over impermeable and permeable beds from a laboratory experiment, and showed that the effect of a permeable bed on the undertow is a reduction of the velocity profile close to the bed. Pedrozo-Acuña (2005), and Pedrozo-Acuña et al. (2006) later, analysed the importance of undertow on gravel beaches, using a Boussinesq-type model on a highly permeable gravel beach with a steep foreface and a narrow surf zone. They found that the velocity envelope in the model with undertow and without undertow is very similar on this type of beaches, confirming that on steep gravel beaches undertow or return flow is weak and insignificant. This implies that the roller contribution to return flow and undertow is minimal due to the narrowness of the surf zone. Indeed, Ting and Kirby (1994) showed from their laboratory experiments that undertow is more significant under spilling breakers (gentle slope) than plunging breakers (steep slope).
Therefore, it is concluded that the Lagrangian velocity, calculated from the NLSWE hydrodynamic module could directly be employed in the sediment transport equation in the morphological module. In fact, Tang et al. (2009) and Nam et al. (2009) also used the velocity obtained directly from the NLSWE to drive sediment motion. Tang et al. (2009) illustrated the interactions among waves, currents, and seabed morphology for dam-break over a mobile-bed and evolution of a wavedriven sand dune. Nam et al. (2009) found as well that their model was capable of predicting the nearshore waves, wave-induced current, and sediment transport, when compared to observations from the large-scale sediment transport facility (LSTF) at the Coastal and Hydraulics Laboratory of the U.S. Army Engineer Research and Development Centre in Vicksburg, Mississippi.
The onshore and offshore velocity profile envelopes obtained using the Lagrangian formulation for XBeach v12 are shown in Fig. 4 for the same GWK test case. The envelopes show that the onshore and offshore velocities are now less asymmetric, as anticipated. However, if the same XBeach morphological module used to produce the results shown in Fig. 2 is used to calculate the profile change, the profile change predicted by the new model is now very small (not shown). This is due to the magnitude of the onshore and the offshore velocity is now lower than the threshold velocity for this coarse sediment, compared to the higher offshore velocity magnitude originally obtained with the Eulerian approximation. Therefore, a new sediment transport formulation needs to be implemented.
Appropriate coarse sediment transport formulation
The next issue to address was that of finding a more appropriate transport formulation for coarse sediments. For cases where the sediment is large, bed load can be anticipated as the dominant mode of transport in the swash area (e.g. Carter and Orford, 1993; Horn and Mason, 1994; Soulsby, 1997) . Thus, we assume a bed load formulation is more suitable, even though some suspension of larger sediment is possible in more energetic conditions. Although there are several possible candidates, the Soulsby's wave and current transport equation (denoted from this point on as SWCTE) was chosen, as this equation is not limited to fine sediments only (Soulsby, 1997; Soulsby and Damgaard, 2005) . The sediment transport formulations for the 1DH case are employed; in this formulation, the dimensionless transport rate is Φ x = max[Φ x1 , Φ x2 ] when the θ max N θ βcr and Φ x = 0 when θ max ≤ θ βcr , with:
In this formulation, the dimensionless transport rate, Φ x , depends on: the transport coefficient, C t ; the dimensionless Shields parameters for the mean shear stress and the wave shear stress, θ m and θ w , respectively; ϕ is the angle between the current and the wave (ϕ = 0 for this case); the critical Shield's parameter with slope, θ βcr . It is suggested in Soulsby and Damgaard (2005) that C t = 12 for coarse grains and C t = 8 for fine grains. A more detailed explanation of this sediment transport formulation can be found in Soulsby (1997) .
The dimensionless transport is then used to quantify the sediment transport rate, Q b as shown in the following equation:
Here, s is the relative density and D 50 is the median grain size. However, a good morphological prediction does not just depend on a suitable sediment transport equation. An accurate description of the hydrodynamics is also very significant. Next, the bed level change is represented as:
Where z b is the bed level, t is the time and n is porosity. The profile change for the GWK test with the SWCTE is shown in Fig. 5 . With the SWCTE, some bed level changes are now predicted, but the overall movement of sediment is still offshore directed, and no elevated berm is predicted above the waterline. Moreover, between chainages 267 m and 269 m, the simulated profile change is lower than the measured profile, which shows that the run-up reaches higher than expected. However, a more reasonable magnitude for the overall volume change is predicted. Fig. 3 . XBeach v12. Eulerian velocity envelope deduced from NLSWE for 500 waves. Fig. 4 . XBeach v12 velocity envelope from NLSWE for 500 waves: Lagrangian velocity representation.
In order to produce the observed onshore movement of sediment, clearly that modifications need to be added to the model.
Implementation of an infiltration model
So far, the adaptations made to XBeach v12 have not improved much of the model predictions for gravel beach evolution under accretive wave conditions. Erosion is predicted against observed accretion. One of the main reasons is that the porosity of coarse sediments has critical effects on profile evolution of gravel and shingle beaches. In particular, the infiltration of the swash lens on the run-up significantly reduces the strength of the backwash.
The implementation of infiltration is adapted from Packwood (1983) , which was also used by Stoker and Dodd (2005) and Dodd et al. (2008) to predict beach cusp formation on steep (1:7) coarse beaches, with good results. In brief, an infiltration term q f is added to the 1DH NLSWE such that:
In the unsaturated beach, n is the sediment's porosity and ζ is the depth of free surface inside the porous media (see Fig. 6 ). However, in the saturated beach the term q f = 0. The depth of infiltration is calculated by the numerical integration of:
where, K is the permeability rate or hydraulics conductivity. The 4th order Runge-Kutta method is adopted for the numerical integration of Eq. (4), as suggested by Packwood (1983) , and Dodd et al. (2008) . On average, the permeability rate K for gravel may vary from 0.001 to 0.1 m/s (Foote et al., 2002; Heath, 1983) . However, for mixed sand and gravel, K may be as low as 0.0001 m/s, as the fine sand can fill up the gaps between the gravel (Jackson and Dhir, 1996) . As explained above, the infiltration is assumed to be vertical. At the instant when the unsaturated area is first covered with water at a given location or position, Eq. (9) is singular (ζ = 0). Therefore, an analytical expression for ζ at small t,
is needed (Packwood, 1983) . In Eq. (10), h 1 is the water depth at the nearest grid point, t is time, and dt is the time step.
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Rather than trying to attempt to represent the groundwater flow, a more pragmatic approach is taken. The surface water is assumed to be extracted from the surface in the unsaturated area by a certain rate calculated from the above equations which reduce the water depth in that area. This effect is clearly observed during the GWK experiments (López de San Román-Blanco, 2003; Pedrozo-Acuña et al., 2007) . Water is extracted from the fluid domain during run-up over the swash area above the still water line (SWL) according to Eq. (3). It should be noted that the mass of water is not currently conserved in the model since recycling of this mass through exfiltration and groundwater flow are not represented. The approach is similar to that implemented by Dodd et al. (2008) . The unsaturated area is defined in relation to the SWL; above the SWL, the beach is considered unsaturated and infiltration is allowed. Austin and Masselink (2006) stated that on gravel beaches, the upper beach surface remains unsaturated during the whole tidal cycle hence infiltration occurs throughout the cycle continuously. Horn (2002) also mentioned that the top few centimetres of the beach surface are likely to be partly saturated or unsaturated, allowing for continuous infiltration into the upper beach.
With the infiltration implementation, the 1DH NLSWE model becomes:
where u is the velocity in the x-direction, v h is the horizontal viscosity, t is the time, ρ is the density of water, h is the water depth, τ bx are the bed shear stresses, g is the acceleration of gravity,η is the water level and F x is the wave-induced stress. The XBeach v12 model with the three modifications discussed in this section will be called the modified XBeach v12 model from this point onwards.
Results using the modified XBeach v12 model
Using the earlier test parameters, the results obtained with the modified XBeach v12 model, shown in Figs. 7 to 11, can be seen correctly moving the sediment onshore and produces a berm on the profile at the top of the gravel beach. It should be noted that Pedrozo-Acuña et al. (2006, 2007) had to change the friction factor, f c , and the transport coefficient, C t , on uprush and backwash, to move sediment onshore and approximate the profile development for this test. However, since infiltration has been directly accounted for in the modified XBeach v12 model, the friction factor and transport coefficient can be kept constant throughout the swash cycle. The values used here are f c = 0.015 and C t = 12 as suggested by Soulsby (1997) and Soulsby and Damgaard (2005) . Fig. 7 shows a sensitivity test for three different K values: 0.005, 0.02 and 0.04 m/s. As the backwash motion is weakened by increasing permeability and greater infiltration, its capacity for transporting sediment offshore is more reduced. It was found that as the permeability rate increases, the berm becomes steeper and higher for similar durations of simulation. This occurs because more of the swash lens sinks (more rapidly) into the beach face, resulting in a more asymmetrical, onshore transport. The run-up height is also reduced because of this infiltration 1 It is worth noting that Dodd et al. (2008) found a misprint in Eq. (6) process. The asymmetry can be clearly seen through the velocity envelopes presented in Fig. 8 , for the same three permeability rate values. The velocity envelopes show that infiltration affects the velocity asymmetry, promoting onshore sediment movement for a beach of sufficiently high permeability.
The choice of K used in these simulations to obtain a good prediction is argued to be smaller than might be anticipated. This is because there are still a number of implicit modelling assumptions and limitations:
• At present, the model does not simulate groundwater flow dynamics, which may determine whether the beach is saturated or unsaturated. Thus, no flow inside the beach is considered.
• Above SWL, the beach is always assumed unsaturated. This is not always the case as sometimes the beach can be partially or fully saturated, thus reducing the potential for infiltration.
• No exfiltration is included in the model. This would also affect the net infiltration rate in the dry region.
• Interactions between incoming swash and previous backwash are neglected.
• Air entrapment by the swash lens is neglected. This might reduce the permeability and infiltration rate.
• The assumption of Darcian flow is not entirely appropriate.
Moreover, the permeability of natural beaches is not spatially constant, especially when considering mixed beaches. Notwithstanding these factors, K is assumed to be a constant parameter.
Nevertheless, through judicious choice of parameters, the modified XBeach v12 model is able to reproduce the observed accretion of the beach during this test in the GWK, placing the berm feature quite accurately above the SWL. Brier Skill Scores (BSS) are used to quantify the agreement between observed and simulated beach profile changes. The BSS is considered as the best measure of how good the prediction of morphological model compares against the measured beach evolution (Sutherland et al., 2004) . The prediction of profile change is considered as excellent with the score of between 0.5 and 1.0; good between 0.2 and 0.5; reasonable between 0.1 and 0.2; poor between 0.0 and 0.1; bad for less than 0.0 (Sutherland et al., 2004) . Fig. 9 shows a comparison of the simulation using a K value of 0.02 m/s with the GWK test after 500 waves. The asymmetries between onshore and offshore velocities in the hydrodynamic model can be seen to play a significant role in determining the magnitude and direction of sediment transport, and thus in getting the correct cross shore profile evolution. As can be seen from Fig. 9 , the modified XBeach v12 model is better than the model by Pedrozo-Acuña et al. (2006) in predicting major profile changes, both in terms of their location and their magnitude. This can be shown from the score of BSS calculated which is 0.86 for the modified XBeach v12 and only 0.08 for the model used by Pedrozo-Acuña et al. (2006) . The calculation of BSS here was only around the affected area which is from chainage 257 to 269 m.
Pushing the model further, simulations were executed for 1500 waves (Fig. 10 ) and with 3000 waves (Fig. 11) . Whilst the erosion and deposition locations are still predicted well, the amount of eroded and deposited volume is underpredicted. The BSS for Fig. 10 is 0.78 and BSS for Fig. 11 is 0.67. Although this prediction still considered as excellent, as the beach becomes steeper, the model prediction becomes less accurate. It is believed that this happens because the effect of plunging breakers and associate turbulence becomes more significant in the GWK tests. This will affect the beach profile as discussed in Kirby (1994, 1995) and Pedrozo-Acuña et al. (2008 , 2010 . Bore collapse from plunging breakers play an important role in stirring up of sediment from the bed. This physical mechanism was observed in experiments at the GWK for both gravel and mixed beaches. Presently, the investigation of the role of turbulence is beyond the scope and complexity of this work. Indeed, the physical representation of plunging breakers is poor when using the NLSWE. The simulations also show that the height of the deposition profile on the upper beach is smaller than the measured one for all three periods. This becomes more evident for longer simulations. It can also be observed that the model attains equilibrium faster than the experiment since a little change is evident in the simulations after 1500 and 3000 waves. This is possibly due to the lack of parameterisations of wave-induced turbulence and associated sediment transport, within the modified XBeach v12 model.
It can also be seen that the model predicts an accumulation of offshore sediment to form a small bar between chainage 258 and 260 after a longer simulation, which is not evident in the GWK experiment. This may be due to the steepness of the beach berm. As the upper beach becomes steeper, less sediment is transported onshore under the same velocity, and hence there is a greater possibility for the sediment in the model to be moved offshore.
Simulations with and without tidal excursion for GWK
In this section, the aim is to compare simulations of profile change under stationary and variable water levels due to tidal excursions. The test data from the GWK experiments used are detailed in López de San Román-Blanco (2003) . In order to model tidal excursion and investigate the model's capability for predicting profile response in tidal environments (i.e., with non-stationary water level), the approach was to assume that the water table and the free surface of the external water were closely coupled, by virtue of the relatively high permeability of the sediment. That is, it is assumed that the unsaturated areas on the beach will always follow the level of the surface water elevation. The new simulation uses a simplistic sinusoidal water level variation with a semidiurnal timescale to represent the effective tide with parameters: tidal range 2.5 m; Mean Low Water (MLW) at 3.2 m; Mean High Water (MHW) at 5.7 m relative to the datum corresponding to the GWK test referred to earlier. This was chosen to fit within the constraints of the experiment. Again, we use: K = 0.02 m/s and friction factor 0.015.
Figs. 12 and 13 show the results for this simulation. This profile has features in common with the non-tidal, accretive profiles shown previously. Fig. 12 shows the first MHW and the first MLW of the tidal cycle. Based on that, the sediment is eroded from the lower beach and carried further up the beach as the surface water rises due to flood, and the sediment is deposited on the upper beach. On the second flood, more sediment is carried into the upper beach, and the size of the berm increases (see Fig. 13 ). On the second ebb, not much change was found, but still the sediment is carried up the slope. This profile qualitatively agrees with field observations of Horn and Mason (1994) , which showed that the sediment transport rate varies throughout the tidal cycle, being greater during flood and lesser during ebb. Therefore, the berm persists on the upper beach.
This preliminary investigation showed that the model was sufficiently stable and capable of predicting anticipated features of profile change associated with a gravel beach under combined wave and tidal forcing. Fig. 14 compares a tidally forced accretion with those predicted under similar beach sediments and wave conditions for constant water level. The figure shows that the affected area of the beach for a day of semidiurnal tide simulation is around 25 m (chainage 248-273 m). As might be expected, the extent of the beach profile change for a stationary mean water level is less, only covering 10 m, between chainage 258 m and 268 m. This result agrees with the result obtained in the laboratory experiments of Trim et al. (2002) , which showed that the affected area is wider with tidal fluctuation than under constant water level. The location of the predicted berm was also consistent with observations reported by Powell (1990) , i.e. that the berm appears above the intersection of the high water with the beach face. The berm under tidal conditions is found to be bigger in comparison to the berm under non-tidal conditions, in agreement with Trim et al. (2002) . Therefore, tides appear to smear berm features over a wider region, with bigger berm size above the flood line, as anticipated. However, these tests demonstrate the ability of the modified XBeach v12 model to simulate many hours of profile change.
Simulation of accretion on a coarse meso-tidal beach
Further validation of the modified XBeach v12 model was performed by comparison to beach profile evolution measurements taken from the beach under Hordle Cliff, near Milford-On-Sea, Christchurch Bay, UK (Fig. 15) . A description of the design of the field experiment is given in Simmonds et al. (2006) . The tidal range here varies between 2 m on spring tides to 0.9 m on neap tides. A two month dataset exists of daily beach profile data obtained using a Trimble GPS base station and rover, cross-referenced with local Channel Coastal Observatory benchmarks (www.channelcoast.org). The daily surveys cover 30 shorenormal transects spaced at 10 m intervals, with 1-2 m spacing of points along the transects. Simultaneous measurements of the nearshore wave climate were recorded using a Nortek AWAC deployed approximately 1 km offshore in 7 m depth. Tidal elevation is derived from a tide gauge installed at the field site (type RBR TWRT-2050), cross referenced with an identical gauge located. The wave, tide and beach profile data selected for the data-model comparison were obtained between 28 and 29 October 2007. Over this period the wave approach was shore-normal, minimising contamination of the observations by longshore processes. The tidal excursion and wave data used to drive the 22 h long simulation were based on the field observations averaged over two-hour intervals (see Table 1 ).
The field site is actually a composite beach with gravel upper beach face and berm, and a lower sandy terrace . The sediment size used in the simulation is based on the measured D 50 = 7.2 mm around the mean sea level (MSL). For this comparison, a smaller permeability of 0.005 m/s was used. This value was chosen to reflect the lower permeability caused by the presence of finer sediment. A friction factor of 0.02 was used and transport coefficient of 12 which Soulsby and Damgaard (2005) suggest is suitable for coarse material. The comparison is not expected to capture the dynamics of the lower sandy terrace, and hence focuses on the upper beach and berm. Fig. 16 shows comparisons of the initially observed beach profile with the profile observed after two tides and the model simulation. The initial profile used in the model simulation is the observed profile on 28 October 2007. This blind, first application of the model demonstrates that it is able to predict relatively well the major features of the profile change over one day. The value of BSS here is 0.45 which can be classified as good. The location of the berm above the flood tide level agrees well with the measured berm development, although the magnitude of accretion here is less. Between the high water and low water levels (marked "MLW" and "MHW"), the model predicts more erosion than measured in the field and the model deposits more sediment offshore, below the low water level. This may be due to the effect of bore collapse and wave breaking, which is not considered in the current work. It is believed that as the beach becomes steeper, the effect of plunging waves and associated turbulence over the beach face increases. Hence, this will affect the beach profile as discussed in Ting and Kirby (1994) and Pedrozo-Acuña et al. (2008) . This bore collapse from plunging breakers play an important role in stirring up of sediment from the bed. This physical mechanism was observed in Pedrozo-Acuña et al. (2006, 2007, 2008) during the experiments for gravel and mixed beaches at the GWK. The model cannot yet cope with multiple grain fractions, which is evident in the poor representation of the lower sandy terrace.
Conclusion
The modified XBeach v12 model has been shown capable of predicting 1DH gravel beach dynamics for a sequence of laboratory tests during which a beach was observed to accrete, forming a swash berm above the SWL. This was achieved through modifying the original XBeach v12 as follows: using the Lagrangian velocity calculated directly from the NLSWE to drive the sediment transport module; changing the transport formulation to be more appropriate for coarse sediment; allowing the infiltration of swash run-up into the beach face.
Of the three changes, the last has the most noticeable effect on the direction of sediment transport and prediction of the berm formation in the upper beach. Moreover, the modified XBeach v12 model succeeds in predicting the correct amount of transport. It is suggested that the short wave action has been transferred into the long wave motions by the model, generating a correct estimate of their combined effect in the swash zone.
The robustness of the modified XBeach v12 model also permits long simulations, of the order of days, to be performed. It was thus possible to investigate the effect of tidal excursion on processes across a coarse beach profile. Tides are known to affect the water table levels within the beach, and this can affect infiltration and the subtle switch between beach steepening (accretion) and flattening (erosion). Here, the modified XBeach v12 model was evaluated for its stability in simulating coarse beach profile dynamics over several idealised tidal cycles. This was compared with a similar length simulation with a stationary mean water level. The initial beach profile and wave conditions used were taken from those of an experiment in the GWK. All the other model parameters such as permeability rate, friction factor and porosity were kept constant between the simulations. The model predictions show behaviour consistent with observations from laboratory experiments (Trim et al., 2002) and field experiments (Horn and Mason, 1994; Powell, 1990) in terms of the affected area, the rate of sediment transport (during flood and ebb) and the berm location and larger size under tidal conditions. An initial favourable comparison was also made between the model simulation and field observations from a composite beach at Milford-on-Sea, using the measured parameters.
In conclusion, it can be seen that this modified XBeach v12 model, which is based on the system developed for simulating sandy dune erosion, promises to be a useful system for investigating other environments, including accretion and erosion on gravel beaches. Work is ongoing to validate this model for a wider selection of cases, and to further investigate profile evolution of gravel beaches and other environments. It is also intended to show that this model can be used to simulate both erosion and accretion on gravel beaches. 
